In the present work we propose to study the modulation signal in Axion Dark Matter searches. This can be seen in directional experiments employing cylindrical resonant cavities, which exploit the axion photon-conversion in the presence of strong magnetic fields.
Introduction
The axion has been proposed a long time ago as a solution to the strong CP problem [1] resulting to a pseudo Goldstone Boson [2, 3] , but it has also been recognized as a prominent dark matter candidate [4] . Axions are cold non barionic particles, which, in principle, can be distinguished from other dark matter candidates [5] . In fact experiments, e.g. ADMX and ADMX-HF collaborations [6, 7] , using SQUID and HFET technologies [8] , [9] , are now planned to search for them. We will take the view that the axion is non relativistic with mass in µeV-meV scale moving with an average velocity which is ≈ 0.8 × 10 −3 c 2 . The allowed parameter space has been presented in a nice slide by Raffelt [10] in the recent Multidark-IBS workshop, which is shown in Fig. 1.1 .
In the present work we will explore some special signatures, which may aid the analysis axion dark experiments in discriminating against possible backgrounds.
Brief summary of the formalism
The photon axion interaction is dictated by the Lagrangian:
where E and B are the electric and magnetic fields. Axion dark matter detectors [11] employ an external magnetic field, B → B 0 in the previous equation, in which case one of the photons is replaced by a virtual photon, while the other Figure 1 .1: The parameter space for axion like particles (courtesy of professor Raffelt) maintains the energy of the axion, which is its mass plus a small fraction of kinetic energy. The flux of the axions is given by:
where υ is the velocity of the axion, ρ a its density and m a its mass. In practice υdt is larger than the length of the detector and so one may write
with T some suitable time. So the power produced by the cavity, see e.g. [6] , is given by:
Q L is the loaded quality factor of the cavity and the subscript mnp indicates that the power produced is mode dependent. For our purposes we will assume a velocity dependence with the understanding ρ a − > ρ a υ(T /ℓ) in Eq. (2.3).
Time dependence (modulation) of the results
One then can fold the above expression with the velocity distribution of axions. The axion velocity distribution is taken to be Bose-Einstein, see e.g. [12] . One, however, would like the axion dark matter density to fit the rotational curves . Thus for temperatures T such that m a /T ≈ 4 × 10 6 the velocity distribution can be taken to be analogous to that assumed for WIMPs, i.e. a M-B distribution with a characteristic velocity which equals the velocity of the sun around the center of the galaxy, i.e. υ 0 ≈ 220km/s. So we will employ the distribution:
The explicit inclusion of the velocity distribution may not affect significantly the experimental results already obtained with the use of some average velocity. The average velocity, however, is affected by the form of the velocity distribution in the local frame. This is true in particular for the annual modulation and the diurnal variation in directional experiments. It also affects the width in the power spectrum (see below section 4).
The annual modulation in non directional experiments
The flux of axions in the detector due to the motion of the Earth around the sun, which is called the modulation effect [13] (the velocity of the detector due to the rotation of the Earth around its own axis is too small to have a significant effect) . This will affect the observed rates as is well known from the standard dark matter searches. Our next task is to transform the velocity distribution from the galactic to the local frame. The needed equation, see e.g. [14] , is:
with γ ≈ π/6,υ s a unit vector in the Sun's direction of motion,x a unit vector radially out of the galaxy in our position andŷ =υ s ×x. The last term in the first expression of Eq. (3.5) corresponds to the motion of the Earth around the Sun with δ being the ratio of the modulus of the Earth's velocity around the Sun divided by the Sun's velocity around the center of the Galaxy, i.e. υ 0 ≈ 220km/s and δ ≈ 0.135. The above formula assumes that the motion of both the Sun around the Galaxy and of the Earth around the Sun are uniformly circular. The exact orbits are, of course, more complicated but such deviations are not expected to significantly modify our results. In Eq. The variation of the average axion flux, in units of (ρ a /m a )υ 0 , due to the motion of the Earth around the sun. As expected, the maximum occurs when α = 0 (around June 3nd).
Asymmetry of the rates in directional experiments
Consideration of the velocity distribution will give an important signature, if directional experiments become feasible. This can be seen as follows:
• The flux is replaced by the flux of axions in the particular direction of observation υ → υ.n = ξυ, 0 ≤ ξ ≤ 1.
• The unit vectorn is specified by to angles Θ and Φ. The angle Θ is the polar angle between the sun's velocity and the direction of observation. The angle Φ is measured in a plane perpendicular to the sun's velocity, starting from the line coming radially out of the galaxy and passing through the sun's location.
• The axion velocity, in units of the solar velocity, is given as
• The sun's velocity is given by:
Then the velocity distribution in the local frame is obtained by the substitution:
One then can integrate over ξ and φ. The results become essentially independent of Φ, so long as the motion of the Earth around the sun is ignored 2 .Thus we obtain the angle averaged flux as a function of the axion velocity for various polar angles Θ. The results obtained are shown in Fig.  3 .3. We notice the large directional dependence of the flux, "solar wind" of axions, not, of course, created there. The direction opposite to the sun's motion is favored.
Integrating over the magnitude of the velocity we obtain the total flux as a function of the polar angle Θ. The obtained results are shown in Fig. 3 .4. We notice again the large asymmetry. The above results apply in the case one can distinguish the sense of direction. If experimentally this is not feasible, one expects both directions along the sun's velocity to be favored, with event rates the average of the two, while directions of observation on a plane perpendicular to to the sun's velocity to be suppressed. This shown in Figs We note the large asymmetry. The most favored direction is opposite to the sun's velocity.
Implications on the power spectrum
The axion power spectrum, which is of great interest to experiments, is written as a Breit-Wigner shape [11] , [15] :
with ω a = m a 1 + (1/6) ≺ υ 2 ≻ and Q a = m a / m a /(m a ≺ υ 2 ≻ /3) . The width explicitly depends on the average axion velocity squared in the laboratory. Thus the width in the laboratory is affected by the sun's motion. In the non directional experiments ≺ υ 2 ≻= (3/2)υ The adoption of an upper cut off has little effect. In Fig. 4 .7 we present the exact results. The modification of the width in the numerator may not be necessary, if the modification of the flux is suitably taken into account by modifying ρ D . Anyway the width will exhibit diurnal variation! This diurnal variation is going to be similar to that discussed in the next section for the flux.
The diurnal variation in directional experiments
The apparatus will be oriented in a direction specified in the local frame, e.g. by a point in the sky specified, in the equatorial system, by right ascension α and inclinationδ 3 . This will lead to a diurnal variation 4 of the event rate [16] . This situation has already been discussed in the case of standard WIMPs [17] . We will briefly discuss the transformation into the relevant astronomical coordinates here.
The galactic frame, in the so called J2000 system, is defined by the galactic pole with ascensionα 1 . Thus the galactic unit vectorŷ, specified by (α 1 ,δ 1 ), and the unit vectorŝ, specified by (α 2 ,δ 2 ), can be expressed in terms of the celestial unit vectorsî (beginning of measuring the right ascension),k (the axis of the Earth's rotation) andĵ =k×î. 3 We have chosen to adopt the notationα andδ instead of the standard notation α and δ employed by the astronomers to avoid possible confusion stemming from the fact that α is usually used to designate the phase of the Earth and δ for the ratio of the rotational velocity of the Earth around the Sun by the velocity of the sun around the center of the galaxy 4 This should not be confused with the diurnal variation expected even in non directional experiments due to the rotational velocity of the Earth, which is expected to be too small. This can also be parametrized as:
x = cos γ cosδ cos (α −α 0 ) − sin γ cosδ cos θ P sin (α −α 0 ) + sinδ sin θ P , (5.14) 16) whereα 0 = 282.25 0 is the right ascension of the equinox, γ ≈ 33 0 was given above and θ P = 62.6 0 is the angle the Earth's north pole forms with the axis of the galaxy. Due to the Earth's rotation the unit vector (x, y, z), with a suitable choice of the initial time,α −α 0 = 2π(t/T ), is changing as a function of time x = cos γ cosδ cos 2πt T − sin γ cos δ cos θ P sin 2πt T + sinδ sin θ P , (5.17)
where T is the period of the Earth's rotation. Some points of interest are:
The celestial pole: where θ is defined with respect to the polar axis (here y) and φ is measured from the x axis towards the z axes. Thus the angles Θ, which is of interest to us in directional experiments, is given by
An analogous, albeit a bit more complicated expression can be derived for the angle Φ. The angle Θ scanned by the direction of observation is shown, for various inclinationsδ, in Fig. 16 . We see that for negative inclinations, the angle Θ can take values near π, i.e. opposite to the direction of the sun's velocity, where the rate attains its maximum (see Fig. 5.8) .
The equipment scans different parts of the galactic sky, i.e. observes different angles Θ. So the rate will change with time depending on whether the sense of of obsrevation. We assume that the sense of direction can be distinguished in the experiment. The total flux is exhibited in Fig. 5 The time dependence (in units of the Earth's rotation period) of the average the total flux, in units of (ρ a /m a )υ 0 for various inclinationsδ, when the sense can be determined (a) or both senses are included (b). In The curves indicated by intermediate thickness solid, the short dash, thick solid line, long dashed, dashed, fine solid line, and the long-short dashed correspond to inclinationδ = −π/2, −3π/10, −π/10, 0, π/10, 3π/10 and π/2 respectively. We see that, for negative inclinations, the angle Θ can take values near π, i.e. opposite to the direction of the sun's velocity, where the rate attains its maximum if the sense of direction is known. There is no time variation, of course, whenδ = ±π/2.
